The morphology of canine cumulus-oocyte complexes (COCs) before puberty is still unknown. Therefore, the aim of our study was to elucidate the morphological characteristics of pre-pubertal oocytes and cumulus cells by light microscopy, scanning electron microscopy and transmission electron microscopy. The pre-pubertal oocyte was characterized by accumulation of lipid yolk droplets in the cytoplasm as well as high energy metabolism, low protein synthesis and high transcriptional activity of the cumulus cells. The cumulus cells, which revealed a prominent nucleus and few cytoplasm, communicated with each other by few short processes and exhibited merely a small amount of processes reaching the oocyte. Our studies imply that both the oocyte and the cumulus cells of canine COCs before puberty reveal characteristic morphological features which are correlated with changes in oocyte metabolism and cumulus cell communication.
Introduction
One of the many aspects in which canine reproductive physiology differs from that of most domestic animals is the process of oocyte development and maturation. There are only a few studies in which the morphology of oocytes during these processes are studied in detail. Formation of oogonia can be recognized in the canine foetus from 42 days post-coitum (Andersen and Simpson, 1973) . During late gestation the cortical lobules and cords at the cortex of the ovary are composed exclusively of oogonia and pre-granulosa cells. At birth (63 days post-ovulation) oogonia in mitosis are common and degenerating oogonia can be also observed. Folliculogenesis takes place from 2 to 12 weeks after birth and primordial follicles can be seen from about 3 weeks after birth (Andersen and Simpson, 1973) . From 3 to 4 months of age, the oocytes duplicate their size and the zona pellucida (ZP) is formed in oocytes larger than 60 lm in diameter. At the time when the antrum appears the oocyte has attained almost adult size, approximately 100 lm in diameter. At this stage the oocytes are surrounded by 3-5 layers of granulosa cells (Andersen and Simpson, 1973) .
There are few morphological studies of canine oocytes from juvenile bitches. Nickson et al. (1993) investigated gross oocyte morphology in pre-pubertal bitches. Only a small number of oocytes could be collected from ovaries in juvenile bitches and these oocytes had incomplete layers of cumulus cells and were smaller than oocytes collected from adult bitches. A consistent feature of the developing oocyte of the dog is the appearance of lipid yolk bodies (Guraya, 1965; Tesoriero, 1981) . Lipid droplets first appear in the primary oocytes of the pre-antral follicles, and they increase in number throughout the entire period of oogenesis (Tesoriero, 1981) . The total number of follicles and total number of oocytes found in monovular follicles per sample area was similar in ovaries of pre-and postpubertal bitches (McDougall et al., 1997) . Likewise the number of polyovular follicles did not change before and after puberty.
Despite the popularity of the dog in studies of reproductive physiology and endocrinology there is still very scarce information on the morphology and ultrastructure of canine oocytes. Therefore the aim of our studies was to characterize cumulus-oocyte complexes (COCs) of pre-pubertal bitches by light microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) in order to provide detailed information on the morphology of cumulus cells, the ZP, the oocyte and the communication between cumulus cells and oocytes in pre-pubertal dogs.
Material and Methods

Collection of COCs
Ovaries were obtained from seven pre-pubertal bitches (age: 4-6 months) undergoing routine ovariohysterectomy. Immediately after removal the ovaries were placed in Dulbecco's phosphate-buffered saline (pH 7.4, DPBS; Sigma, Deisenhofen, Germany) supplemented with 0.5% bovine serum albumin (BSA; Sigma) at 37°C. The ovarian cortex was sliced and washed in DPBS/0.5% BSA. Under microscopic control, only oocytes with a multilayered compact cumulus oophorus and a dark, evenly granulated cytoplasm were selected for further examination.
Light microscopy
Cumulus-oocyte complexes were washed in DPBS without BSA three times and fixed in Bouin's solution for 8 min. In the following, specimens were dehydrated in an ascending series of ethanol (70-100%), treated with xylene and embedded in paraffin. Serial sections (5 lm) were cut and stained with haematoxylin-eosin.
Scanning electron microscopy
Cumulus-oocyte complexes were removed from the medium and washed three times in Soerensen buffer pH 7.4 (1 : 5 solution of 0.07 m KH 2 PO 4 and 0.07 m Na 2 HPO 4 AE2H 2 O). Specimens were then fixed in 1% glutaraldehyde in Soerensen buffer at 4°C for 24 h. After washing in Soerensen buffer, the COCs were dehydrated in an ascending series of acetone (10, 20, 30, 40, 50 , 60%: twice, 5 min each; 70, 80 and 90%: 1 h each; 100%: 12 h). Following dehydration, the COCs were dried in a Union Point Dryer CPD 030 (Bal-Tec, Walluf, Germany) using liquid CO 2 as the transitional fluid. After drying, specimens were coated with 12 nm gold-palladium by a Union SCD 040 sputtering device (Bal-Tec). Scanning electron microscopy observations were made with the Zeiss scanning electron microscope DSM 950 (Carl Zeiss, Go¨ttingen, Germany) using magnifications of 200-10 000.
Transmission electron microscopy
The COCs were removed from the medium and were washed three times in cacodylate buffer (0.2 m sodium cacodylate, pH 7.2). After fixation in Karnovsky's fluid (2.5% glutaraldehyde and 2% formaldehyde in 0.1 m cacodylate buffer) for 24 h, COCs were post-fixed in 1% OsO 4 and 1.5% KFe(CN) 6 . Specimens were then transferred to a drop of 20% BSA in cacodylate buffer. By adding 25% glutaraldehyde, the BSA was polymerized to a pellet containing the COC. The pellet was dehydrated in a graded series of ethanol and embedded in Epon (Polysciences, Eppelheim, Germany). In order to assess the cellular compartments of the COCs, semi-thin sections (1 lm) were cut and stained with methylene blue. Ultrathin sections (60 nm) were mounted on grids, post-stained with uranyl acetate and lead citrate, and examined using a Zeiss electron microscope.
Results
Light microscopy
The oocytes obtained from pre-pubertal bitches regularly showed a round nucleus with a distinct nucleolus (Fig. 1) . The ooplasm was characterized by the presence of numerous regularly arranged lipid yolk droplets which accumulated near the nucleus. The periphery of the oocyte was regularly stained more darkly pointing to the clustering of cell organelles near the oolemm (Fig. 1) . In some oocytes, infiltration of the ZP with lipid droplets was visible. The cumulus cells, which were characterized by a big round nucleus and few cytoplasm, were loosely arranged in 3-4 layers around the oocyte (Fig. 1) .
Scanning electron microscopy
In the periphery of the COC, the cumulus cells were regularly arranged and revealed a round form (Fig. 2a) . Generally they exhibited merely few short processes connecting them to the neighbouring cells (Fig. 2b) . Near the ZP the cumulus cells developed a bulbous form enabling them to send a thick process into the pores of the ZP (Fig. 2c) . The ZP was characterized by a spongy appearance and numerous elliptical or spherical pores narrowing from the outer to the inner layers of the ZP (Fig. 2d) .
Transmission electron microscopy
The oocyte showed a high number of regularly arranged lipid yolk droplets which accumulated around the nucleus (Fig. 3a) .
In the periphery of the oocyte, clustering of mitochondria was observed (Fig. 3a) . The activities of the endoplasmic reticulum and the golgi apparatus were generally low. The surface of the oocyte was covered with densely arranged microvilli contacting the ZP (Fig. 3a) . The cumulus cells were characterized by a big nucleus rich in euchromatin and few cytoplasm (Fig. 3b) .
Generally the cumulus cells were loosely packed so that big inter-cellular spaces were visible. The cells communicated with each other by few short, partly filiform processes (Fig. 3b) . Processes from the cumulus cells reaching the oocyte were rarely seen (Fig. 3a) .
Discussion
Our studies showed for the first time that already before puberty the canine oocyte is characterized by the accumulation of lipid yolk droplets. Accumulation of lipid yolk material in oocytes of adult dogs has been described as an outstanding feature of the canine oocyte (Guraya, 1965; Tesoriero, 1981; Renton et al., 1991) . In adult dogs the lipid yolk droplets consist of phospholipids and triglycerides. The precursors of these substances are transported from the outside into the oocyte through the ZP (Guraya, 1965) . The high contents of lipids in the cytoplasm of the bitch oocyte before and after puberty may contribute to the fact, that in canines reliable systems for assisted reproduction including cryopreservation techniques need to be developed (Farstad, 2000) . In contrast to the lipids, proteins are synthesized in the pre-pubertal oocyte in small amounts as shown by the low activity of the endoplasmic reticulum and the golgi apparatus. This is correlated by the fact, that in pre-pubertal oocytes specific proteins such as maturation promotion factor (MPF) and mitogen activating protein (MAP) kinases have been shown to be synthesized at distinctly lower levels when compared with oocytes from adult animals (Reynaud and Driancourt, 2002) . In mice, the protein content of the oocyte increases 25-fold during the course of oogenesis (Wassarman and Josefowicz, 1978) . The ultrastruc- tural changes in mitochondria of developing mammalian germ cells from the foetus to the adult animal have been described previously and suggest possible correlations with, i.e. nuclear breakdown and reformation, yolk formation and energy metabolism (Weakley, 1968 (Weakley, , 1976 . As shown by TEM in our study, the most conspicuous cell organelles in the pre-pubertal oocyte are mitochondria, which are characterized by round to elongated shape and transverse cristae. This points to a high energy metabolism of the oocyte before puberty. In addition, the cumulus cells of pre-pubertal canine COCs show a high transcriptional activity indicated through the high amount of euchromatin in the nucleus. The presence of great density of microvilli in the surface of the oocyte from pre-pubertal bitches observed in our study was also described in calf oocytes, which were compared with oocytes of adult cows in a study of de Paz et al. (2001) . Similar to the oocyte, the cumulus cells of COCs obtained from pre-pubertal bitches reveal characteristic morphological features. Thus, the cumulus cells are loosely arranged in 3-4 layers around the oocyte. They communicate with each other by few, short processes. The fact that cumulus cells are connected with only few processes before puberty with thickening of these after puberty, has already been reported in rats (Dekel and Philips, 1979) and bovine COCs (Verlengia et al., 1998) . Communication between cumulus cells is essential for the developmental capacity of oocytes (Luvoni et al., 2001) . Thus, decreased communication, i.e. through gap junctions, is correlated with reduced ability of the oocytes to resume meiosis and reach metaphase II (Luvoni et al., 2001) . Our studies revealed that in COCs of pre-pubertal bitches not only the cumulus cells are connected with each other by few processes, but also send very few processes through the ZP. Cumulus cell processes reaching the oocyte are essential for the transportation of nutrients and messenger molecules as cAMP to the oocyte (Bilodeau et al., 1993; Sutovsky et al., 1993) . The ultrastructure of the ZP from adults canine COCs has previously been described in a study of Holst et al. (2000) , which demonstrated that the ZP has a sponge-like appearance with fenestrations surrounded by a meshwork of filaments. In our study the ZP of pre-pubertal COCs had an appearance like that of oocytes from a frozen ovary described in the study of Holst et al. (2000) . These had also a sponge-like appearance but the meshwork tended to be wider, with larger fenestrations. These oocytes had demonstrated a reduced spermbinding capacity in that study. Thus, our results imply that the reduced developmental capacity of pre-pubertal oocytes in assisted reproduction (Marchal et al., 2001; Palma et al., 2001; Grupen et al., 2003) may in part be due to the reduced formation of processes between the cumulus cells, the reduced communication between the cumulus cells and the oocyte as well as the ultrastructure of the ZP.
In summary, our studies describe for the first time the morphology of canine COCs before puberty. In COCs high lipid synthesis, high energy metabolism and low protein synthesis occur. The loosely arranged cumulus cells communicate by a small amount of short processes and exhibit only few processes reaching the oocyte. 
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